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ABSTRACT

Ext.nsions of the laboratory's measuring technique=
for complex dielectric constants te wider ranges of temperature
(4° to 2000°K) and frequency (.008 Hz to 90 GHz) are reviewed.
Methods of interpreting dielectric data and computer programs
for finding the comnonents of complex spectra are discussed.
Measurement data of general ir 7.2t oceumulated in the last

three years appear in graphical and/or tabular form.
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ILLUSTRATIONS

Figure

1. Measurement mecthods and temperature ranges.

2. High-temperature reentrant cavity.

3. Type of samples for copper-clad dielectrics.

(a) Disk for two-terminal measurements.

(b) Large square for precision three-terminal
measurements. (c) Rectangular three-terminal
sample for measurements in liquid-helium Dewar.

4., Microwave diclectric-filled cavity formed of
doubly-clad sheet stock.

5. Rectangular cavity for microwave measurement
on sheet using 1iquid displacement.

6. Standing-wave method with thin sample, located a
quarter wavelength from end of line. (a) Coaxial
line. (b) Circular hoiiow waveguide TEll mode.

7. Thick-wall copper cavity for measurements on
thick anisotropic laminates.

8. Construction of sample holder section for high-
loss liquids.

9. Terminology for sections in liquid sample holder.

10. Chart for finding x', x" in terms of node shift
AN and node width AX.

11. Termincology for initial line fit to three experi~

mental poirts.

. Termindlog: for fit between line and experimental

rciits
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INTRODUCTION
A review of the general properties of high~temperature insulators hss been
previously given (Tech. Rep. 203). Since that time we have measured new samples of
BN, 8102, sapphire, and spinel (M3A1204). all of which have good high-temperature
properties. These are listeu in Sectior II1 and are indexed according to the same
categories used in our previous review report 203. Sections I and II describe

respectively measurement techniques an' calculation procedures.

MEASUREMENT TECHNIQUES
Since our last summary report on measurement methods (Tech. Rep. 182), the
frequency and temperature ranges have been extended and different techniques have
been used on special materials. These are briefly described in this section.
Figure 1 shows graphically the frequency and temperatures available for measure-
ment. The letter designations refer to equipment or methods as listed in the
following summary.

Summary of Methods of Measurement

A. Laboratory-built three-terminal low-frequency bridge used mainly on another
contract. For a description see Tech. Rep. 6 under Contract N00014-67A-0204-
0003.

B. Laboratory-built three-terminal high~fre juency bridge, see above.

C. Laboratory~built three-terminal bridge with autonatic frequency scanning and
recording. See Tech. Rep. 4 of above contract.

D. Laboratory-built wide-range bridge, three-terminal 1 to 105 Hz, two-terminal
1 to 6x107 Hz. See Tech. Rep. 201 under Contracts AF 33(616)-8353 and Nonr-~
1841(10)

E. Susceptance variation method with reentrant cavityv: (a) 60 to 100 Miz, 2-inch
disks; (b) 300 MHz, l-inch disks.

Experimental Laboratory capacitance bridge, 50 MHz to 300 MMz.

G. Stesnding-wave method with open-circuited line: (a) disk sample, 300 MHz to
200°C; (b) coecx sample, 100 to 300 Miz, R.T. only.

H. Reentrant cavity with twin coaxial sample. Used only for good sensitivity
(tan S 3 to 5x10'5) oa coagxial samples at 300 MHz, R.T. oaly.

I. Standing-wave method with coaxial sasple A/4 sway from short, near R.7. oniy.
Stsnding-wave method with coaxiali sc _le sgainst short, -150 to +500°C.
Standing-vave method with cylindrical sample, -150° to 1090°C at 8.52 GHz, to
800°C at 14 and 24 GHz.

Coasxfal cavitv, irequency varlatior m~thed, 1 to 3 GHe, -195°% to +140¢°C.
Dielectric-filled cylindrical cavity, -195° to 1500°C, 3 to 6 GHz, -195° to
1720°C, 9 ¥z,

N. Transmission bridge, free-space method, 90 GHz, under development.

e~ Lisdneiiiinneil




Temoerature ( °C)

The obvious gap in high-temperature measurements near 108 Hz could be re-

medied by construction of a doubly reentrant cavity as proposed in a previous

repon:.l A model (Fig., 2) useful to abou. 800°C. using silver instead of platinum

and iridium foils, i{s under constructicn and will be studied for expected temper-
ature gradients.
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Flg. 1. Mcasurement methods and temperature ranges.
Sce summary list for ietter designations,
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Fig. 2. High-temperature reentrznt cavitv (shown
about 1/3 size for 100 MHz).

Tne 90-GHz measurements are still being developed.

For some of the data listed in Section II! more than one me.hod of measure-
ment was used. An example is the 5Suds wiClad 522, which was supplie’ as deubly
copper-clad sheet or as unclau sheet. With the clad sheet two-termina! aand threo-

terminal samples were ~ut (Figs. 3a,b,c).

(a) (b) (c)

Fig. 3. Tvpe of samples for ccopper-clad dielectrics. (a} Lisk for two-
terminal measurements. (b) Large square for precision three-
term’nal measurements. (c) Rectangular three-t:rminai campic
for measurements in liguid-heiiur Dewar.
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/;," Fig. 4.
TR Microwave dielectric~filled cavity
\ — - . formed of doubly-clad sheet stock.

For microwave measurements, pieces of the same stock were soldered to close
the periphery of a rectangular plece as shown in Fig. 4. The resultant dielectric-
filled cavity having & width of 4.44% cm and a length of 13.30 cm rezsonated in the
TElO& moae at 3.14 GHz. A thickness messurement of the plate is not involved in the
computatirn cf the dielectric censtant

2

ot = :M {%)2 . )2]1/2 W

The equivalent loss tangent for copper loss was computed:

; (w+ 2°) + (%)2(1 + 2t)
tan 6w = - , (2)

b N b, 4 .3/2
1.31x10" we 2 [w2 51

where ¢ 1s the resistivity of the copper relative to its room-temperature resistiv-
ity. Th= value of tan GJ was 2'48x10-4 ar 25°C znd was small compared to dlelectric
less at all temperatures.

Measurements on deciad stock weie made bv using the three-terminal liquid
displacement method2 at 104 H- and a rectangular cavity (as shown in Fig. 5) near
3 GHz. ‘

Measurements were made with air-filled cavity (1), sample added (2), benzene
(3), sample added (4). As in the three-termipal liquid displacement method, the

four sets of data allow measdremecats of k' without wmeasurement of sample thickness:

Ay - )&3 ” )\1 9.
(G - 57
.(" - ,,,.‘I _Q__ - S K'i . (3)
< /\3 2 /\1 2 alir
7 - (D)
4 2
Eguatiou 3 acslds for avy TE ~-~witv hut tequires the same mede in all four measure-

vrenos.  Since tae edee of the sample 15 in regions of low field strength, the
ivagth and width are not cricvical.

For avasurements with B field, a single thitkness (1/16 inch) unclad sample
was locatod /4 from the end ¢ a coaxial live (Fig. 6a) o> cirzular wavr . ide
(Fig, Gb). The sources of errors and thuir magnitud=s are listed. Stacking

sam~les improves the sensitivity for measuring smail losses. [or accurate measure-

o ot
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Stem: for cooxial
loops

-— Cover

«— Copper bogy made
from two milled
sections

inner rectangle
dimensions Fig. 5.

” " L)
1.340 x2.840'x 5.455 Rectangular cavity for
microwave measurement

on sheet using liquid
displacement,

Y4 T Y aya
T 7777 @ o
At 3 GHz: X error x At 8.5 GHz; TEll
Instrument repeatability 10 u .38 Instrument repeatability 5 u .11
1 =i’ uncertainty in clearance .78 1 miil uncertaiaty in clearance .06
172 mil " in thickness .80 1/2 »il " in thickness .80
1.96 .97
tan & sensitivity .00015 tan § sensitivity .00015

Fig. 6. Standing-wave method with thin sample, iucated a quarter wavelength rrom end

cf line: (a) Coaxial line; (b) circular hollow waveguide TEH mode .

oents a'ppmpnate.dcnsity corrections are used. Liquid immersion has been proposed
but not used here.

In mcsutementis.dn another zlass-Teflon material (Durcid) data with both L
and | flelds vere rcéair&d as a function of tewperature for l-inch thick stock.
For these ueasnremenr& a thick-wvall (0.8l-inch) circular cavity (Fig. 7) was made
of copper. Two disks of 1-3/8 fnch diameter were press-fitted into the cavity.
An oversized copper plunge: was cooled in liquid nitrogen and then pressed into
the dis. The diel_ectric-filled cavity thus formed was operated in the mom mode

for E 4 measurements and ir the 'l‘i-:111 mode for Efl. As the material was heated,
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~——— Coaxial ioops

— Copper plunger

ba— Copper die

Fig. 7.

Sample
Thick-wall copper cavity for
measurements or *hick aniso-
tropic laminates.

L— — Sample push-out
hole

thermal expansion moved the plunger. This motion was monitored and thermal expan-
sion of the copper was used in calculating theacavity dimensions for each temper-
ature. The thermal expansion was large, and tha sample remained 15% thicker after
the run. In our knowledge, the precision and temperature range of this run are

unique for this material.

COMPI'TATIONS IN SPECTRUM ANALYSIS

The current trend for compute.s to program and control measurement procedure,
to compute results and analyze them in terms of time or frequency has not yet led
to completely automated dielectric spectroscopy. For the present we use the IBM
360 to compute values of dielectric constant ind loss .rom iastrument readings and
to analyze frequency respcnse.

Computation of ', x"

As an example of this first use we consider .he calculation of dielectric
constant and loss of a liquid :ontaine’ as shown in Fi{g. 8 and measured by the
standing-wave method in coaxtal line (2rogram i, Appendix). The sample holder
{s designed s» that the region beiow the samplz: Is A/4 long. Sample-cut data are
AN, the rode, and AXA the node width and wavelength ). Sample-in data are SN, the
node. and AXS the node width. The basic transmission-line equations give boundary

{mpe dances (Z ...) in terms of intrinsic-iine conatants (ZOn Yn) and line

B1' Zp2°
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Fig. 8. Construction of sample ¥ig. 9. Terminology for sections in
holder section for high-loss 1iquid sample holder.
liquids.

length dn (Fig. 8). For Fig. 9 the general formulation for TE or TEM waves defines

Z
f!igtll’ etc. (4)

Bn
tanh o, = >=—, tamh p
Bn 20 B(n+l) 20 (1)

Then the impedance at a boundary an is related to the impedance at the next bound-

8Ty Zp(ne1)’

an - zB(n+1)

tash[(yd) (1)) + Prpegy]  tamh 04

(5)

The experimentally measured quantity is tanh g1’

cant . E-j ten ZWXOIN CX-fY |
PRl T T FE tan 2nx /3 T T - 1%

X-21 2 X
1 - z1x ~ 23 "% (6)
where E, the inverse standing-wave ratio,

sin 7AX/A
(1 - cos2 TAX/)

7z = % 0

and Xo is the distance from the first minimum to Bl. In the above and the fcllowing
equations the = sign C2parates computer program terminology on the right from pre-

vious notation:

7_, tanh (y,d, + p_,)
tmhm_az - 272" B2 (8)
. Bl

kit ad.




202
tanh Pp1 = El- tanh yzdz
= . (9

20
EBI ~ tanh yzdz-tanh Pp1

Substituting y,/y, for 20,/20,,

Yi
20, tanh Ppy = ;; tanh °2d2

-ZBI tanh pBZ - . (10}

2
1- Y tanh dez tanh op,

Neglecting losses in Section 2, the right-hand side reduces to

tash py, - 3(1/&?) tan(2nd, x3/2)

- H (1
- o ! '
1- tfnh Pgi” 7L tln(dez lek)

M—K_l—. - —z-g - l— (12)

1+ jK2-24 28 129 ° ’
With Sactiocn 4 a quarter wavelength with negligible losses:

Zg, = 20, coth y,d, = 20, tanh pp, . 13
Substituting the right~haud side from Eq. 10,

tanh 73d3
20, —70, ~ "% (14)
3
then
2nd, z3
y3d3 tanh \,’3d3 = Y1d329 = i . 29 = a- 211. (15)

Assuming that yjdj is small (<1 radian) and substituing u for y3d3, ve get

- 2 u“
u tanh u = ¢ - 3" Z11. {16)

Solving for u {n tewms of Z11,

2,1/2 .
]

u = (211 - % (z11) © 7128Q. LGT)

The comnlex dielecrric constant at this point in the program would be

M

REE (2125Q-K3)2. (18)
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Instead, the complex parts of u (A,B) axe
vicied in steps until the equation N .

214 - u tash u = Z11 (19)

is nearly sati~fied. The finsl steps are
9.001% in bott and B. Line 39 defines b
the error. First B(DN 600), then A(DO 700), ,
is varied. The final print-out lic*s serple

noGe and AX, the dielac*ric constant K1, the

An.q,

loss factor K2, the loss tengent TAN, and Y

the two complex mumbers Z11 and 214 so the o
degree of maiching can be confirmed. The ".
total cost of calculating 68 data sets at
$2.09 per minute of calculation was $1.47.
Although the approximatian of Bq. 16 is not
good for ssmples longer then one radian,

the {teration part of the program extends
the range to at least 1.4 radians. For

values greater than m/2, an underflow |
develops and stops the program. ™
A modification cf the program

(Program II, Apendix) usas srrays of node ' c.
shifts (DN) and DY values; thus charts such

as Fig. 10 can be prepared to any desired Hs;‘ig; g:‘;: ;ozhﬁ:dz;s;;’“i;:n
accuracy to eliminate the need of further width AX.

use of the computer for a particular sample

holcer. In principle the iteration procedure of these programs can be used to
refine other calculations fcvr any lemgth of semple. Previously published computa-
tion procedures” have been restricted in the upper limit of loss tangent.

Spectrum Analysis

In our fraquency range the fundamental problom of dielectric analysis is to
determine from the wide-band frequency respouse the number and type of subspectra.
One approsch in analys’s is to represent the total spectrum as tihe sum of subspec-
tra, each havi. g a single relaxation time. Mathematically the compos,te spectrum

is represented as theé sum of its components:

AKI N‘n
K'(W) - 4+ 273 4 e $ 2_2. 29)
l1+o 11 1+w Tn
and
A"'1 AKu q
K'{w) = —- Wl + o ——— T — , (21)
1+ uz'ri * 1+ UZT: noowe,




e i —

where K is the high-frequency (near infrared) dielectric constant,g is the u-c
conductivity (ohnncm)-l, n is the number of relaxatora, €, 18 the dielectric con- ;:
stant of vacuum (fds/cm).

The purpose of Prozram IIT (Appendix), cuonceived and first executed by
Dr. D. B. Knoll*) of this laboratery, ig tn find the number of components and com-
pare the composite spectrum with the measured values. The initial portion of the
program (to line 29) accepts a number (H) of capacitance and loss readings from a
capacitance bridge and a second number (L) of readings from a low-frequency bridge.
The parameters K'(Kl), K" (K2), k"(K2W), K"/W(K2dW) are computed for each measure-

: e s

merit frequency.
The arrays of data are scanned (lines 31-83) to determine if measurement
errors exist. Three criteria are involved in atarting from the high frequency end

for any combination of relaxaturs as in Eqs. 20 and 21:

1. we™(X) > " (I41), (22)
2, ¥'(1) < c'(I41), (23)
3. _l{_'_i_l_-_tl)__—__f'_l_ =1 > 0. (24)

LLK"I - K"(I+1)

Print-out statements 42, 48, 56, 61, 71, 82 advise users of errors or equalities.

K2WO—

WK2
lwx")

Fig. 11.

Terminology for imitial
line fit to three experi-
mental points.

Kt {x')

The Subroutine LINE fits a lire to three successive experimental points

according to Fig. 11.

*) Present address: Texas Inatruments Corporation, Materials Research Group,
Dallas, Texas.
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Fig. 12. Terminology for fit between line and experi-
mental points.

Subroutine EROS is concerned with fit of the line to the points. The dis-
tuarce D(I) from a point (I) to line is shown in Fig. 12. In the figure %-- T tan §;

C=Acos = A/(1+ tan 6)1/2
K'(I) + tux"(1) - 'nc"m@)
D(I) = C = Qs+ )1/2 (25)
st = [D(D)1%/(|ar]) Y2, (26)

2

1/
D(1 D(L + 1
ERRER = L—‘-ﬁw—i LS—F}%- . (27)

More points are added to the array until ERRER increases. Subsequently both the
slope (line 107) and high-frequency termination (line 116) are varied in steps to
improve the fit. The final sliope (line 141) determines t,. The first calculation

1
of x_ follows using the high-frequency values of x'. From (20),

Ax

KN(D) =kt ——E— (28)
1+ (WD)
AKI
K'(I+1) =, + . @9

1+ [u(1$)7,1?
Elimin.cing AKl between Eq. 28 and 29 and solving for x_ (line 155) ylelds

k' (1){1 + [u(I)tllz} -k ({1 + [w(I+1)11]2}
Ky = . (30)
wmr,1? - )’

11
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Solving for Kl yields (line 147):

M - — K (1+1) - «'(T) . (31)

1 . 1

1+ [,,(m)rl]z 1+ [m(1)11]2

The high-frequency residue is regarded as the luw~frequency contribution of a
relaxator far outzide the measuring range. The change in X' with frequency in the
measurement range is negligible, but the change in loss is ohbtained from the meas~-
ured increment in K" for two frequencies minus the same increment due to the first
spectrum component. Neither the time constant nor AK value of the off-range spec-
trum is known but their product is (line 162):

2 2 -
Y1 Y141
(<"1 - (wx")r+1-AKlrl 7~ 3 (32)
1+ (,1,) 1+ (W,,.7,)
A 1'1 +1'1
T, = .
h'h 2 -
) S 231

This high-frequency reszidue (HC) has a low-frequency counterpart (LC) at the other
end of the measurement range. Here aga‘'n neither the AK nor T of an out-of-range
spectrum can be found but their ratio AKL/TL appears with the same effect as a d-c
conductance component. From two successive values of k"/w this component can be
computed (line 173):

1 _ 1

AK 1+ w1)d 14+ ...t} Z
. 1 111 |

il i (33) ;

Y

K" K"
1 @ - Y

D S
m2 wz
I I+1
1f no data have been taxen at frequencies < i?%- » the analysis is complete in that
the number and magnitude of the relevant componénts have been determined. If lower

frequency measurements exist, the contribution of HC and relaxator 1 are subtracted

from each data point. These are nuw treated as new experimental points and the
line fitting procedure is ca!led again (205).

The approrimate values cf all unknowns LC. AKn, LR Axl. T HC, x_ are
refined in steps in subroutine EPROR to achieve the best overall fit to the experi-
mental points. Since the capacitance errors are ususlly les; than conductance
errors in our measurements, differences in the x' fit are multiplied by 2, then
added to differences in the x" fit to establish the total error criteria (lines 16
to 18).

12




Obviously many modifications and uses of the program are possible. They are
used to study the effect on measurement errors, to help decide the possibil’:iies
of hidden spectra and distributed time constants. There is a basic resolution
problem in fitting a smooth curve to a series of experimental points with scatter
that does not occur with "ideal” data. This makes the results of any curve-fitting
program, such as ERROR, have some degree of dependence on the magnitude of the
starting components., The difficulties arise because the function relating the
total error to the magnitude of one-component is not a smooth function. In the
future more automatic measurements will be made with decreased frequency separation.

Then it may be feasible to smooth experimental errors before analysis.
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APPENDIX PROGRAM 1

FARTBAY [V f LFYFL 1, MOD 1 MA TN DATE = 70777

Tl REAL®D K1oX2 oMYy Yo XFyANgSNoLW DX NS NAGX JAgRgA2,R2,714RE 21 41N,
2NN 216 TN LIARNN,ERANAY 4 FROLNADLD AR RE 4 TAMy 21 1RE, 211 IM,COSINF

000> COMOLEX®TA 71,22,7307402842A,7742R,79,210,711,212,213,2148,2141,
P24, 212NFW T12RF,7]1211,712%0

bl A REAL STEP(4)/0.01+04.001,0.0001,0.,000N1/,F 123/ 09=1a?

00N DIMENSINN NS{20N ), SN{20N) NATF( 18}

nnns ) NAMEL IST/IN/DS oSNoNXZCONST/NAZANGXF oKL 9 K24 K3 4LW/QUT/K14K2,K3,L W

0204 20C FIRNMAT(LIX,1R44)

107 17 READ(S 20N, FNN=RR ) DATF

nnpe 201 FURMAT{IH] ,20%,1 844}

000 WITEL 6,20 ) DATE

onto REANES, IN) _

a0l REAN( R,CMNSTYH

nnt > 190 FORMAY (1HI,RX 4 2HNS s 10X, 2ZHDS g 11X 2HK 1 o 11Xy 2HK 2, 12Xy 3HTAN, 29Xy 3HZ1 1,
231%,3H714//7)

0921 WRITE(S&,100)

ala J £ N3 1C I=1.NX

nnls Yzh2AR2¢ (X ~ANSN{T)) /LW

01 A N=psSiT1y=-NA

0onlr COSINTE2NCNS(3,.1414%NX/ LW} 0e2 -

2014 XaNSIN{ Y, 14616*NX/1 MY /DSORT {2, -COSINE)

nnia T I1%s{Cagl JVENTAN(Y])

on2) 72=X~21 .

3021 73xl,~11%Y -

0n2? T4al22/773

n02* I5=(Casla Xl -

s Ta b 28 Thnl4alS

28 IT=(0es LoV 2n2

LOELS 7Axl,¢24n77

mn2z TOsIR/2A

onze 7108{Neel.) /X5

nnz2o I11=721Cn22

nnan T1I1RE=PEALL721])

bLED IASRLETILLIARARE)

ona? I1250=CHSNRT (2114l /3,021 %2}

LB RR AsREAL (71280)

N6 Q= AIMAGIT128Q)

L ELS A2zTANMIA)I 2 (] ,+DTAN(R)*22) /{1, +OTANH(A)®=2+DTAN(B) 222}

(DR A2eNTAN(RIS( L =NTANMHIAI®NED) /{1, ¢DTANH{AYE224NTAN(R)*¢2)

NNy 214REzA% AP =RAR) .

nnae 7141 MsASRI29ARAD

ANiQ FORIPL2NARS (LT 14RF-Z1IRF)/Z1IPE) ¢DABSI(Z 14T 4-Z1IM)/211TIM)

naen N7 400 K=xleé

onel NN K00 Uxle2

[ylaT 4 491 ANLN=A"

AN Z1s10N=214 0™

LYY Z14R0CD=TLSRF

JoeS EROLD=ERPOA]

JNe6A qzAx(l,+STEP(X)I®F{]))

aAng? A2=DTANHIAY €[ 1, +NTAN(R)I®2) (1, +DTANH(A ) #42aDTAN{B) =% 2}

neQ A22DTANIRI® (L. =DTANH(A)®R2 ) /(1 ,#DTANH{A ) 9A24aDTAN(R) *=2)

1060 7147F 2A®AP~-R8RD

SLLL) Jl4fw=zAnBR2eRwA2

NSl CRA JR1=NARS [ (T14RF~Z1IRE)/ZIIPEISNABSII714IM=Z1LIM}/711IM)

0582 IF(FUPOR]LFL,ERILN) GO TO 401

nnsy ZisIva21&00D

Ny154 BACLIE AR LY

nN&S az=RILD

NS4 ERRDRL =EROLD

ns? AC0 CONTINUE

I25° 071 10N J=l.2

INK0 4707 A=A

LALL 214RN=27 14RE

Plal 3 T14100=7161M

N2 ERILD =ERRINL

AN K AzAe(]1,eSTEP(XKI®E{ 1))

nrag A2aDTANHIAY= (] . NTAN{B) 222 )/ (1, +DYANH{A ) *%2¢NTAN(B)**2)

Anss 32aNTAN(RIS{ ] ,=OTANH{AI*82] /{1, +DTANHIA )& 24DTAN(R ) #52)

LYY 7142 zA®A2-A%R?

1347 Z14IM=A®RP+ASA2

K EPRAPL=NARS{(714RF=71IREI/Z1IRE) ¢DABS(( 714 M=-7111M) /Z111M)}
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INsa
o0Tn
nnT
nnt>
coT13
0074
onrs
oC T
anTT
no73
0o07e
0nsn
0191
0032
J0R13
NNRG
0948
0nsa

0087
004R
DL
0092
0091
0ong?

ORTRAN IV G LEVEL 1,

coo1
0002

0003
0004
0005
coce

0007
goce
0009
colo0
0011
0012
0013
0014

0015
0016
Q017
co1s8
0019
0020
0021
0022
c023

PROGRAM I (cont.)

TF{EROOR] LELFRALN) 6N TO &N2
214RE=214620D
Zl40Pk=21410D
A=AOLD
ERRNR1=E£RILD
700 C.INTINUE
4ND CONTINUE
ZI?QF"IQOOQ"A
Z12iM=(0erla)*R
LI2NFW=(J12RE+ 71214 %%
S13z=712NFueK Ane)
7148=(1.9n, }%214RF
2141=(0, 41, )%7141H4
Z146=214R+7141
AlM==-AIMAL(71Y)
RE=RCAL(7113}
TAM=AIM/RE
3N FIRMATIOY FR 4 3SNgFT 65X eF Q35X oF, 335X eFRLGySN E1VA)3XeFEL1A.H,
265X Fl3.643X,E13.6)
WRITE(H6,3000 SNET)4NC{L) ¢RELATM,TAM, 1,714

10 CONTYINIE
WRITE(6,0UT)
60 YO 17
38 CALL EXIY
EMD
TYPICAL PRINT-OUT
NS ns Kl K2 TAN
a,5314 "DJ1678 75,004 13,954 N.1859
9,528) 0.1a72 T4.785 19,207 n,2568
3.5191 0.2270 75.%03 24,017 0.3307
9,5381 0.2694 GRORTH Z2R.D33 0.4071
It 114

-0,976107N-01 0.1876110-01

-0.97561040=-01
=0,9710430-"1
~3.97796A9N-91
-0.3894207-n1

7.1876119-01
N.75814560-11
7. 3353430-01
0,74858N-01

-0.971058D0-01
~0.9773520-01
~0.BR9429D0-71

N,254145%50-01
C.335342D-01
0.37T4R57N-01

M00 3

PROGRAM I1

MAIN DATE = 70103 20737702

REAL®8 KL ¢yK2 983 oY o XEsLWoCX yONe DX oAeByA2,B2y214RE, 214 IM,COSINE,
2BOLDy Z16100,Z14RODERRORL4ERCLDyACLOD JAIM RE,TANM Z1IRELZ11IM
CCMPLEX#1S 2142202392492 50264ZT¢2892SeZ1042Z114212,213,214R,2141,
2L14,212NEMIZ12RE2221M,2128Q, 224

COMPLEX®]16 ZIONE,IONE]

RTAL

STEP{4)/0,01+0.00140.0001,C.33C01/74F(2)/109-1.7/

OIMENSION DATE(18),DN(9}
NAMEL IST/IN/DNyXEoLW o NDoAX g K1 9K 2, KI/OUT/ K1 4K 2K LWy XeY,21,22,23,
22489215,16927,28,29,210,211
ICNE= (1,90,
IONEI={0.+l.)
200 FORMATI(1X, 18A4)
TT READ(5,200,END=88! DATE
201 FCRMAT(1HL,20X,18A4)
WRITE(6,201) DATE
READ{ S,y [N}
100 FORMAT(IHO»SXs2HOX e 10X »2HONL1Xe2HK 15 11Xy 2HK 2 412X, IHTAN,20X,3HZ11
231 X4 3FI4/7)
WRITE{6,100)

DXx=0,

D=0,01

DO 500 L=1,NX

DX=DX D

1F(OX.EQ.0.) GO TO 300

COS INE=DCOS(3.1416%DX/L W)ne2

X=DSIMI,1416%DX/LW)/DSCRT (2. -COSINE)
800 FORMAT(2X,FT.4)
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0024
0C2s
0026
o027
Np2R
029
0030
coM
co32
€013
OG-
CG35
00138
5037
00138
00139
c0«0
CO41
0042
C043

CO44
0045

004¢
0047
0048
004S
c0So
0051
0052
0053
0054
0055
co056
0057
0058
€059
€060
co61l
0ne?
CCe¢3
CCo4
cCes
(o] .
con7
co68
CC65
core
corn
ccre
cC73
0074
00715
{07s
cere
cnr8
cors
©o89
o8l
cca?
coal
0284
co8s
ccaé
jcar
ooes
ccs9
0090
co9l
co092

401

600
4«02

100
409

PROGRAM IX (CONT.)

WRITE{6+800) DX

DC 10 I=1,ND
IF(DN(1).EQ.0.) GO YO 10
Y=6,2832%(XE-DNIL}) /LW
Z1l= ICANEL1 = OTAN(Y)
12=x-11

12A=21%X

13=LONE-22A

14222423

I5s IONFIeK1

Lo=Z4 415

LT7=ZCNELI®K2

18x JONE+ 24827

19=28/16

L10=ZCNET/X)

L11=210%293
LIIRE=REAL(ZY] )
Z111MeAIMAGLZLY)
2125Q=CDSQRT{211411./73,)%211%*2)
A=REALL2125Q)

BsAIMAGIZ125Q) -
A2=DTANHCA)® {1 . ¢DTAN{ 819921 /{1, +DTANH{A)*%26DTAN(B) **2)

A2=DTAN{B)* (1 ~DTARHIAI®#2)/ {1 . +CTANF{A}*S2¢DTAN(B ) +%2)
L14RE=ARA2-8*B2

2141 M= A0260% 2
ERROR1=DABS((Z14RE-Z1IRED/ZI1RE)+DABS{(Z14IM=-2111IMI/2111M)
DO 400 K=1,4

DO 600 J=1,2

80LD=8

Z14100=Z141IM

114ROC=Z14RE

EROL D=ERROR]

B=Be (1l +STEPIK)*F(J)])

A2sDTANH(A)® (L +D TAN(B*%2)/ (1, +OTANH(A)##28DTAN(B) *%2)
B2=0TAN(B (1. ~DTANH(A)*%2) /{ 1. +DTANH{A)* 426 DTAN(B)*=*2)
I14RE=ACA2-BYB2

1141V=A®R2+B#A2

ERRCAL=DARS { ¢ 214RE-Z1IREI/ZI1REV+DABSI(Z24IM-Z11IM)/2111M)
IF(ERRORL .LELEROLD) GO TO 401

2141#=214 100

L14E=]146R00

B=80L0

ERROR1=ERCLD

CONT INUE

DO 700 J=1,2

ACLD=A

L14R00D=ZL14RE

I14ICD=2141m

ERCLU=ERRCRL

AsAS{ 1. +STEP(K)*F (J))

A2=xDT ANH{A) # (1 c¢DTAN(B) 222 )/{ 1, +DOTANH(A ) #e26DTAN(B) ** 2)
B2=DTAN(B)I*{1,~DTANH(A)$*2) /{1, 40TARKR(A ) 22%DTAN(B) ¥=2})
L14REnA®A2-8%B2

L14IM=A®B2+B%A2
ERRORL=*DABS{(214RE-211IREI/ZIIRE}+DABS({Z16TIN~-211IM)/2211IM)
IF(ERRORL.LELERCLD) GO TO 402

214RE=214R0OD

I141P=Z14 100

A=AQLD

ERPORL=ERCLD

CONT INUE

CCATIANUE

L12RE=ZONE®A

112 1M=20ONE] *8 '

ZL2NEW={Z12RE+Z121M)**2

Z13==~2]12NEWEKI*=2

L14R=20NE*L14RE

N41=2CNEI*Z141IM

L14sl 4RI 4]
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0093
Co9s
€095
C096

0097
covs
099
Cl00
¢clo1l
cin2
0113

300 FORMATU 14X o FR oGy SXeF 72395X,F903,5%,FB, 4o5X,E12

(43 4

0.0100

C.0200

~C.438634D
-0.54C838D
~0.6035880
-0.677235N
=0. 76507¢D
-0.8718860
-0.1004840
-0.1175280
-0.1402140

-0.4086%32D
~0.560711D
-0.6C34260D
~C 6770230
“0.764T54D
-0.8714<8D
~0.1006290
-0.1174450

PROGRAM II (COONT.)

AlM=-AlMAG(Z213)

RExPEM (213)
TAMsAIM/RE

25XeE134643X4E13.6)
WRITE{643N0) DN{I),RELAIM,TAM, 211,714
10 CONTINUE
500 CONT INUC

WRITE(6,CUT)

GO 10 17
88 CALL EXIT
END
PRINT-OUT
ON K1l K
1. 00600 14.384
- 140500C 15.728
1.1090 17.231
1.1530 18,922
1.2000 20.845
1. 2500 23.054
1.3000 25.621
1. 3500 28,6643
1. 4000 32.140
1. 000C 14.382
1.0500 15.726
1. 1000 17.228
1.1500 18.919
le2CCC 20,841
1.25%0¢ 23,068
1. 3030 25.613
1.350C 28. 634
1. 400C 32.099
711
oG 0.5055130-02 -0.486633D
00 0.5815210-02 -0.5640827D
ac 0.6774950~02 -0.6035920
ocC 0.8010640D-02 -0.,677236D
no 0.9638830-02 ~0.7650760
oc 0.118448D-01 ~C. 8718870
ol 0.149379D-01 ~0.100486D
c1 0.164555D-01 =N, 1175300
o1 0.2647350-01 ~0.139439D
00 0.1010870-01 -0, 4865240
(o11] 0.1162830-01 ~0.540709D
ne 0.135470D-C1 -0.693419D
oc 0.1601720-01 =0. 6770330
co 0.192718D-01 =N, 764778D
co 0.2368080~01 ~N.871482D
C1 0.2986150-01 -0, 1004270
n 0.3890660-01 =0.117445D
C1 J.5290180-01 -0. 1391990

-C.14CCB1D

17

2

0.128 °

0.182
J.159
c.180
0.206
0.237
%2.278
J.329
0.398

0.258%
0.284
2.318
0.360
O.%11
0.475
0.55%
0.658
0.797

I14

ne
00
00
co
o0

01
01
01

on
00
o0
co
oc
co
01
01
01

TAN

0.0n89
0. 009C
0.0092
0.0095
0.0099
c.0103
0.0108
0.C115
0.0124

0.0177
0.0180
0.018¢
0.0190
0.0197
C.C2Co
0.0217
C. 0230
0.0248

0.505514D=-n2
0.581521D-02
0.677497D-02
0.8010650-02
0.9638820-02
0.}18449D-01
C.149378D~-01
0.1946550-01
0.264736D-01

0.1010871N-01
0.116283D-01
0.125670D-01
0.,160172D-01
0.1927170-01
¢ .236808D-01
0.7298615%0~C1
0.3890650-01
745290200-01

ebe3NyE12,6,



FORYZAN

Iy

GOLEVEL 1, #0D 3 KL IN DATE = 70098 3712707

INPLICEIY REAL (o
DYLENSEICN FRI500 ¢K1EX{S0)4K2EX(50)sDATE(LR) +GES0),C(50),8(%0),
zF(SO).GSiﬁSQ,R(SO}.ﬁQEO).KtEkP(SOD-KZEXP(SO?.KlS(SOl.Kzs(SO)v
2XL501 o HIESCIoKAESO) yH2{50),WI50)K2WI50) K2DW(50),B150} ,PX{S0)}
INTEGER H,7,2123
REAL STEP({4)/0.140.02,0.00540.0017
PEAL STEPP{Aj/0.01l,4=0.0140.0044~0.00440.0015,-0,0015,0.0006,
2-QeQ0CK/
NAREL IST/INZCOC G e FetioFR ReMoeHo L/ YAZTAUZAT/HRTTTI/NG/HL/ZL9/LL/LEY
2LLF
LC REAULIS.,200,EKD=350)DATE
200 FORMAT(LX,1RA4%)
" REANDIS.ING
HRITE(6,201)048TE
201 FORMAT{IH1//7/720X,184477)
{FIHLEQ.O) Gu TQ 41
B0 40 I=1.H
CSUII=GErisRiilsm{ D/ (10.3{1.2(RI1)/200C,)¢GUlIIR{).EGC+1000,%R{1)})
[} ]
40 CJINTINUE
IFIL.EQ.CY GC TO 38
41 00 50 I=1.L
21 C/UL 0 {F{1)/101)3 1 a0-FlT1ISL 0FE62GIHSTI))
GSIHAII=(GIHST I wASINI{[)*F(T1)/1.010%(1.0¢1 ,0F4OARGIH+TIR(NIT)*FI(T)/
2101303/ (1001 E4%ARCIMHITIBINITIIGFCI)Z1.01)-100.0%A=G(Hel)2IN(]I)»

2F(§1)/1.Cl)e=2})
50 CONTINUE
38 HMNsHeL
D0 222 I=1l.¥A
C1EX{I)=CtI}/CO
XK2EX(1)=GS {1/ 16.2R32eFR{I)eLO*] E~12])
K1t1=K1EX{])
K2{1)=x2€x(1)
Wil)=FR(1)=6,2832
K2uil)=xX2{t)=utl}
K2DWE P =201 /7w 1)
222 CONTYINUE
2123=]
Ll=4N
413 I*3
MEXET=0
Mlll=t1-1
0J 224 1=1123,M111
#T750={
IFIK2W{ 1) EQ.X2W(T*1))} GO TOQ 25
GU TG 35
23 K2vflel)=l.12(K2W{1}])
20 FORMATHLX,*FUUNN X2W{I+1)=K2W(]) FIX UP TAKEN K2W(lTel)=1l,1%K2W(I)

2"}
wWRITE(&.20°
35 TAU={XL{T+1l)-X100}/{R2WIT)-K2H{1+1))
IF{O0.LT.TAU) GO T3 225
224 CONTINUE
GU TO 998
225 41=MT750
WRITE (6,4 45)
M222aL1-M]
') 260 I=1.4222
BRI L |
[FIX2WTS)LEQ.XK2W{J+1)}) GO TO 26
G’1 TO 38
27 X2W{d+l)=1.19(K2W{J})
21 FURMATULIX,'FOUND K2WiJe11=K2WES) FIX UV TAKEN K2W{Jel) =l leK2W(J)
PR -
wR [TEL6.21)
1 TAUaIKIGJel I=-KLUJY ) /UIK2WEJP-K2H({J+1))
[F{0.0.LT.TAU) GO TO 265
260 CINTINUE
265 L1E=J+}
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27
22

37

¢31
€590

€52
251
137

748

ICe

991

229
227

228

3ol

400

402

401

PROCRAM III (CONT.)
WRIVE(O6LE)
Li=L1lE
LID=L LE~-1
00 650 f(sMl.L1D
CHECR=K1(i¢ )KL ET)
1F(0.0.LT.CHECKY GO T3 650
IFIR2WLI) .EQ.K2H(191)) GO YO 27
G3 YO 37
K2Wliel b=l  Io{K2KLT Y

WRITE(6,22)

TAUS(KI( I -KILT) D/ (R2WET)-K2W L 1+1))
1F{0.0.LT.TAU) GO TO 650

LIC=1+}

D0 651 J=LiC.LLE
CHECK={K1(J)-X1({1)D/X1C1}

IF (CHECK LT {~0.01)) GO TO 652
CONTINUE

CONTINUE

GO T0 251

Li=L1C-1

HRITE(G64LG)

H7T7=M]

K2wW0=0,0

CALL LIKE (MTTT K1 ,X2WoTALK2WOsL1 o MN)
IF(1.EQ.3}! GO YO 306

IF(TPREVSLT.TAUT GO TO 304
NTTT=MTTT+]

MTTTPsMTTTe2

IFI(MYTTP.GEL.LL1 Y GO YO 8RS
WRITE(6,TA)

Go TO 777

IF{TAULLE.0.O! GO TU 788
MTTTPaMTTTe¢2

IF{LL.LE.P77TP} GO TC 290
N7TT=M7T7¢2

ERRER=0,0

CALL ERQCS (MTTT7,'TTTeTAUSK2ZHC K] ¢K2W,EHRER)
IFINTTT.EQ.LL) GIL. TN 29D
ERRERI=ERRER

NTTT=NTTTe¢]

ERRER=0,0

CALL ERCS (M7TToNTTToTAUK2HO XK1 X2W,ERRER)
IFCERRER .LELERRERLY GO YO 229
TAUOLD=TAYU

K2WOLD=K 2w0

DO 400 J=1,8

ERRERT=ERRER

TAUT=TAU

TAUsTAUTH {1, +STEPP( S )Y

ERRER=(0,0

CALL ERCS (MTTT7NTT7T74TAUK2WO K1 ¢K2W,ERRER)
IF{ERRER.LELERRERL]} GO YO 229
IF{ERRERLTLERRERT) GO YO 228
TAU=TAUY

ERRERSERRENT

ERRERNSERRER

K2WON=K2UW0
K2WA=K2WON~K2W{MTTT)=STEPP(J)*0. 1
ERRER=0,0

CALL ERCS (MTTTNTTT,TAUK2WI K] XK2W,ERRER)
IF(ERRER.LEL.ERRERL) GO TG 229
IF(ERRER.LTLERRERN) GO TO 301
K2¥W0=K2uWON

ERRER2ERRERN

CONTINVE

TAUsTAUULD

IF{Z.E0.3) GO TO 401
IF(TPREVS.LT.TAU) GO TC 401
MTTT=NTT?

GO YO 117

K2W0=K2WOLD

19

FORMATIIX* FOURD K24(Mel)=K2W(M) FIX UP TAKEN K2W{Mel)=l,1eK2W(M}
24) B



0133
0l34
0135
0136
0137
ol3e
0139
0140
0141
0l1a2
0143
D144
Olas
0146
0147
Olsn
0149
0150

0151
0152
o153
0154
015%
0156
0157
o154

o159
0160
ole6t
0l62
0163
Oloe
cleés

0186
ole7
ole8
0169
o170
o1
o172
o173
o174
o175
o176

o7

o178

o179
o180
o181

ots2
o183
0184
0185
o186
0187
o184
gl1e9
0190
o191

ot9?
0193
q194
019%
0196
o197
0198
ot99

0200

103

e78
251

PROGRAM III (CONT.) .
IF(L1.LELNTTT) GO YO 291
MOLO=MT77
ATTT=NTT?
CALL LINE (MT77,K1,K2W4TAU,K2WO,L1 o MN)
IF(TAULLT.TAUOLD) GO TO 303
Gu TO 678
IF(3.L7.2) GO YO 304
ML=MT77
WRITE(6,M9)
GO TO 304
M777=M0LD i
TAU=T AUOLD
X(Zel)=TAU -
TPREVS<TAU
XK=0,0
NTT6=NTTT-1 .
DO 960 [=MTT7,NTT6

21eTAU)e®2) )

$¢0

BL1Is( L)1 INTTT) )III.I('(HI felIeTAY)I®*2)=1./ (1, +(WINTTY
[ 4

KKsKK+B8([)

CONTINUE -

X{Z)=KR/ENTTT-HTTT)

IF{X{Z).LT.0.0) GU TC 402

IF(3.LT.2) GU TO 921

XXKINF=0,0 .

00 910 I=MTT7.NT76

AR INFu(K1{MTTTIS{ 1. ¢(NIMTTTIOTAYI®S2)-K1(T+]1)s (Lo (WII¢1)2TAY)

29821 ) /U{NINTTIT IO TAUI 92~ (NI T+1)OTAU)**2)

310

XXK INF =X XK INF ¢ XX INF

CONT INUE : ’
X{L)=XXKINF/{NTTT=-MTTT)}
XXHC=20,0

HSTORD=0,0

00 920 I=MT77.N776
XHCXHC={ (R2W{NTTT7)~K2W L1+ ) )=BCLISTAUS(NIMTTT)I®*S2/( 1. ¢{W{MTTT)®

2TAUI®®2) =Wl 121 )02/ (L, +(WITISL)*TAUISS2) ) )/ (NIMTTTI®*2-H(12]1)2e2)

IFIXHCANC L T.0.0) GO TO 483
[FIHSTORD.€0.,0.0) GO TO 482
IFIHSTORDLT.XHCXHC ) GO TO 483
HSTORO=XHCXKC

XXHC = X XHC ¢ XHC XHC

CONT INUE

RE2 )= XXHC/INTTT-MTTT)

AXLC=0.0

XSTORN=Q 0

-

-3 922 1=MTTITNTT6

ALCXLCo(K2DOMENTTTI~X20W( [e1)=B(T1)sTAUSI ], /{1, ¢{N(NTTT)IoTAU}IS2)

2=le/ (1t {WLICL)ETAUISS2) ) )/ (1 o/WIMTTTIN®2=] /{101 )"e2)

480
491
922

107

222
220

290

IFIXLCXLC.LT,0,00 GO TO 48]}
IFIXSTORDLEQeQ.0) GT YO 480 .
IFIXSTORPD.LT.XLCXLCY GO TO 481
XSTORN=XLCXLE

XXLC=XXLCoXLCXLC

CUNTINUE

X{2+2 1=XXLC/ZINTTT=-MTTT)
IFIMEXIT.EQ.1) GO YO 999

00 320 1=M777,L1
SKISK1I=sXEZ)/ll.¢H(1)3TAU)®e2)
IFt3.LT.,2} GO YO 307
SK1SK1l=SK1SKLIeXtl)

TICI V=X RCT)~SK1ISK]

SK2WeX{ Z)OW{[)o02eTAU/ (L . ¢(MLTI)*TAU)®s2)
K2M(I 1=K2u(]i-SK2W
SK20WeX(2)1*TAU/ L 1o+ {WlT)STAUI®®2) o X (2}
K20We ) sK2DW(YT)-SK2DW

CUNT INUE

GU YO 370

MEXIT=l

N77TsL1

Gu 10 291

DO T10 1=aMTT77,.L1

M7S1af
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PROGRAM YII (CONT.)
0201 ABABs1,.0/%L1)
0202 IF{X{l+1).LE.BBRB) GO TO 7iil
0203 710 CONTINUE
0204 Ti1 MTT77=M7S51
020% IF(LL LT .(M?77TT7+1)) GO TO S99
0206 WREITE(6,MT)
0207 1=2+42
0248 GO 10 777
0209 §69 NX=l+2
0210 IF(0.0LT.XINX)) GO TO 731
02ii X{NX) =XSTORD
0212 731 IF(0.0.LT.X(2)) GO YO 666
0213 X(2)=HSTORD
: 0214 €66 NFaNX-2 i
; 0Z215 DU 551 J=3,NP,2
: 0216 XREsX {J)
: 0217 X{J)=xtjs1)
0218 X{Je¢l)=XRE
0219 551 CONTINUE
’ 0220 DO 441 I=1.NX
B 6221 PX(I)=X(]1)
H 06222 441 CONTINUE
: 0223 X{1)=PX{NX) ;
: 6224 NXC=NX-1
0225 DO 331 J=1leNXC
0226 X(Jel)uPXINX=J)
0227 331 CONTINUE
0228 00 333 Isl,NX
0229 XI(E)=Xi1)
0230 333 CONTINUE
0231 MMM=2
0232 CALL FRRORUINX M} oX1S o XoMZoeFRoMKIEX KZ2EX 9 3UMoKLEYP(K2EXP,LL,SUMK],
2SUMK2)
0z33 SUMQLD=SUM
0234 SUML=0,
0235 00 500 J=1,4
0236 7C1 00 700 L=)oMuMm
0237 SUM2sSUM]
0238 D0 600 [I=1,NX
6239 XOLO=X( )
0240 X{1iaX(1)8(),¢STEP(J))
0241 CALL ERRORUNX oML gKESoXoK2S oFRyKIEX)K2EX 9 SUMGKIEXP,K2EXP, L1,y SUMK],
25UmMK2)
0242 IF(SUHLT.SUMOLD)! GO TO %01
0243 X{1)=X0LC
0244 XUi=X(I)ol 1, =STEPLJ))
0245 CALL ERRORUNX oML oK1SgXoK2S sFRyKLIEXgK2EX ) SUMGKIEXP,K2EXP,L1,SUMK],
2SUMK 2)
0246 IF(SUMLT,SUMOLD) GO TO 601
0247 X{1)=x0LD
0248 SUM]L=SUMOLD
’ 0249 GO TO 600
i 0250 601 SUM]1=SUN
0251 SUMOL D=SUM
0252 600 CONTIHUE
0253 700 CONTINUE
0254 TFISUML.LT.SUMS) GO TO 900
0255 GO TQ 555
0256 SCO MMM=]
0257 GO T0 701
0258 €56 MMMa]
0259 SUML=SUM2
0260 S00 CONTI NUE
0261 507 FORMATE LHO 13X BHXINI VI AL SX,IHXCOMPUTED/ /)
0262 WRITE(6,507)
0263 115 FORMATULI X 2HLC +BXeEL2.9,3X,EL2,.51)
0264 WRITE(O,115) XECL).XUL)
0265 NYsKx~3
0266 00 112 [=2¢NT,2
0267 113 FORMAT (I X THKS~KINF 43X 4EL12.593X0E12,.9)
0268 WRITE(6,113) XUECEDo AT
« 0269 116 FORMATUIX,IHT AL, TXGELZo5¢3X,E22.5)
21
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PROGRAM III (CONT.)

02170 WRITE(O LG XI(IeLd X{Ie1
0271 112 CONTINUE
0212 i1l FORMAT (IXs2HHC e NXeEL245¢3X¢F12.5)
0273 WRITE(G,LL1) XE{NX=-1) XINX~-1}
027« 508 FURMATILIX 4HKINF yOXoEL2.593XeEL2.50
0215 WRITE(6.509) XTENX) o XINX]}
Q2is §39 FORMAT(//71HO SN 2HFR o 12Xy 4HKIEX 13X IHK]LS g 12X s 4HKZEX 913X IHK2S,
21IX6HKIEX %,11X,6HK2EX %770
0217 WRITE(645C9)
0218 S10 FURMAT(IX0EL2e5+43%X0E12.5¢3XeE12:5¢INEL2459IXcEL2e59IXsF126%93X,
2F12.51)
0219 WRITEC(O4510) (FRUT)GKIEXET )oK LISEI)oK2EXCID o X2SA LD KLEXPILD Y
2K2EXPLI) o 1=M],LL)
0230 BO01 FORMATU 73X 5HSUM =,Fl1.5,5X4F11.5)
0281 WRITE(H4801) SUMKL,SUMK2
0292 IFILIELEQ.LL) GO TO 10
028% Z123sL]¢]
0284 Li=L]E
0285 GO TO 4112
0286 8RR GU TC 10
02871 150 CALL EXIT
0288 END
TYOTAL MEMCHY REGQUIREMENTS 002FTA BYTES
FORTRAN Iv C LFVEL 1, MCD 3 ERROR DATE = 70098 13712797
000} SURRUUT INE ERROR INX oMI o K1SoXyK2S)FRoyKIEXKZEXISUMyKLIEXP K2EXP,
2L Lo SUMK] ,SUMK2)
7002 IMPLICIT REAL (K)
0003 DIMENSEUN KIS(50)+X (500 4K2S(501,FR{S0)KLEX(S0),K2EX{50),
2KLEXPUISC) K 2EXP(50)
0004 NJ= X -3
0005 NwzNX -1
0006 SUM=0,
0co7? SUMK] =0.
0009 SuUMK2=C,
0009 09 130 1=#]1,L1
001n K1S(II=X{NX}
0011 K2S5:v [ )X iINW)I®A28328FR{ITDIeX{1)/(6.28328FR(I1))
J012 20 10} J=2,NJ.2
5013 KLSEI)=K]1SEiDeX{J)/(1.4(6,2832%FR{L)*X(Je]))*%2)
7014 KZSTTIeK25(1)eX{JI®0,2RI2%FRUTI®X( L)/ (1.¢(6,2832%FR(1)=X(Je1))
2e%2)
ooLs IC1 CUONTINUE
aCle DK1={XK1EXCI)-KLS{E)D) /KLEX(f)®2
oo17 DR 2= (K2EX{TV=-K2S{T) ) /K2EXIT)
0018 SUM=S1Me ARS (DKL) »ARS (DX 2)
0019 KLEXP({]1)=DNDK]}®50,
2020 K2EXP{l)=NK?2*100.
021 SUMK L= SUMKL¢ABSIKLEXPIL))
2022 SUMK2=SUMK 2¢ARBS (K ZEXP(T)}
0023 1C0 CUNTINUE
IC24 RETURN
202% tND
TOTAL MEMCRY REQUIREMENTS 00C4BS BYTES
FOHRTRAN Tv C LFVEL le wJD ERQS DATE = 70098 13712707
JN01 SUBRUOUTINE FRUS (MTTT NTTTsTAUK2WO yK]1 o K24y ERRER)
necoe? IMPLICTET QAL (X)
0003 DIMENSICN K1U50) oX2W(50) ,0O1501,05(50)
Y00 D) 200 Isv1IP,NTIT?
000% DT e (LU T eTAUSK2W L L) ~TAU®K 2WO ) ZSQRT( Lo e TAYS2?)
[eof 0.} é00 C oNTINUE
0007 LYALTLRRAXTS
0008 5£30.,0

22




AR A Antttd e O ACt et it A O AR LS A it et R e

PROGRA.I TIX (COFT.)

0009 IFIR2W{MTTT) LEQ.K2WIMTTE)Y GO TO 202

00190 SE=(D(MTTIT)#%2/SQRT(ARS(K2WIMTTT)I-K2WIMTTH) ) ))
0011 202 DO 201 I=MT78,N777

0012 IFIK2WIMTIT7).EQ.X24W (1)) GO YO 110

0013 DSCI)efO(1)082/SQRT(ABSIVZN(MTTITI-K2WIT))))
0014 GO 7O 116

0015 110 DSt1) =0,

0016 120 FORMAT (LA, "EROS K2W{MTTT)=K2W(]) FIX UP DS{1)=0,"*)
0017 WRITE(6,120)

gola 115 SE=SE+DS(1}

0019 201 CONTINUE

00290 IFIK2WIMTTT) EQ.K2WIMTTA)) GD TO 204

0021 ERRER=SQRY(SE/CINTTT=MTTIT)S{NT?T-NTTT+]1)))
0022 GO T0O 205

0022 206 ERRER=SQRY(SE/Z({NTTT-MTTI-1)®(NTTT=-MTTT)))
0024 205 RETURN

0025 ‘END

TOTAL MEMCRY REQUIRENENTS 000668 EYTES

FORTRAN IV G LEVEL 1, MOD 3 LINE DATc = 70098 13712707
0001 SUBROUTINF LINE (MTTT K1, K2Ws TAULKZWO4L 14 MN)
0002 IMPLICIT REAL (X}

0003 DIMENSION K1(50) 4x2%W(50)

0004 M=MTT7

0005 40 FORMAT(LIX,13,3X,13)

0006 WRITE(6,40) M,L1

0007 IF{M.£Q.L1) GO TO 3

0con Ml=pMe ]

0009 45 FORMATIIX,E12.5)

0010 HRITE(6445) (KitI),1=],M])

0011 [F{9] ,EQ.L]1) GO TO 1¢C

0012 Xl=(2*K1 (M) oK1l (Me1)) /3,

0013 X2s(K1{Me1)e28K (M+2),4/3,

0014 Yis(2%K2W{M)+K2ZH{MOL)) /3,

o01S Y2=IK2W (Mol ) e28KOW{M+2})/3,

0016 {FLYl.EQ.¥2) GO TO 10

0017 TAU={X2-X13/(¥Y1-Y2)

0018 [F{TAU.EQ,0.,0) GO TN 30

0019 K2WO=Y1leX]/TAU

0020 GU TO 31

0021 30 X2wW0=0,

0022 21 M77T7=M)

0023 GO TO 9

0024 10 IF(K2W{M}.FC.KZWI{M4+1)) GO TO 11

0025 TAU(KL{MeL =K1 {M))/(R2W(M)=K2WEIM®]))

0026 GO TO 12

0027 11 WRITE{6,20}

0028 20 FORMAT{LX,*LINE K2W{Msl)=K2uW (M) FIX UP 01 NOT CHANGE TAU®)
0029 GO TO 9

0030 12 M777=M)

0031 S RETURN

0032 END

TOTAL MEMCRY REQUIREMENTS 00040E BYVES
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INDEX TO DIELECTRIC DATA

I. 1IXORGANIC COMPOUNDS

Aluminum oxide, single crystal, Union Carbide
" " multicrystalline, G.E. AT~100
A-976
A~1000
A-923
A-1004
Boron nitride, pyrolytic, Raytheon
" " laminate, Union Carbide
" v hot-pressed, Carborundum Grade HP

Grade A
Gzrade M
" " hot~pressed, Union Carbide Grade HBR
HD 0092
HD 0093
HD 0094
cold-pressed, " " rcd sample

Magnesium aluminate (spinel), single crystal, Union Carbide
Magnesium orthosilicate, multicrystalline, G.E. F-118

F-~202
Mercuric iodide, hot-pressed
Mercurous chloride, hot-pressed
" "

mercuric sulfide,
Silicon dioxide glass, Dyrasil Corp., Dynasil 4000

" " " Thermal American Fused Quartz, Spectrosil A
Spectrosil B
itreosil, optical

Vitreosil, commercial

S{licon dioxide, sintered, Brunswick, slip-cast

" " " Brunswick, slip-cast, wilh 2.5% Cr20

" " " Corning Code 794l
Corning Multiform glass
Quartz fiber sample, Philco Ford AS-3DX-1R
Glass EE 9, Owens-Illinois
EF 10, ™ "

24
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II. MINERALS, ROCKS, SOILS, MISCELLANEOLS INORGANICS

Rocks
Hawaian, high~dansity basalt
" low~density basalt
" deep ocean basalt
Soils

Hawaian soil

Synthetic basalit

Lunar rocks, Apollo 11 aud 12
Miscellaneous inorganics

Corning Code 0330

Isomica 4950, General Electric

I1TI. ORGANIC COMPOUNDS

(Listed according to wmfg. or source of sample)

American Concrete Products, ertificial concrete
Amicon Corp., Conformal coating 1517-36-3
Amphenol Corp., polyethylene, ‘rradiated

Avisur, polyprupylene, natural
plateable

Budd, #1Clad-522, polytetrafluoroe*hylune, fiberglas laminate
Chemplast, Zitex, low-density polytetrafluoroethyelene film
Custom Materials, Load 4101

707-4

767-(3.75)
Dow Corning Sylgard 182

184
E. I. Dupont de Nemours “Kapton," 500 K film
Emerson & Cumings "Eccogel" 1265
"Eccofoarn FH

General Electrin RTV-11
3-M, Scotchcast 221
Mousanto. poly{~ide foam
Quantum Inc., Radar tape
Rogers Corp., Duroid

25

Page

43
43
44

44
44
44

45
45

45
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IV. LIQUIDS

Page
Allied Chemlcal, fluorocarbon deti"ativé P-1C 52
b I. Dupont de Nei.ours, fluorinated ethers 52
U.S. Bureau of Fisneries, mullet oi’! 52

|

Note: In the fullowing data sheets Kt(or x') 18 the dielectric constant relative
to air: «" is the loss factor; :tan § is the loss tangent; { is the

resistivity in ohm-om.
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I. [INORGANIC COMPOUNDS

Aluminum oxide, single crystal
Sapphire Alzo3 Union Carbide Corporation
Electronics vivision

8888 Balboa Ave.
San Diego, Calif. 92123

Loss tangents at 8.5 GHz, 25°C: E L ¢, <.00002

E Il c, <.00005

Dlielectric constants at =~3 GHz:

¢ EdLdc Ellc
x *
25 9.390 11.584
-75 9,292 11.433
-195 9.257 11.357

Variation of dielectric constant at 25°C with inclination of
electric field direction with respect to optic axis was
calculated from elliptic polarization function:

1/2
11.584 x 9.392 (1 + cotze)-]
11.5842 + 9.392 cot? _J

(o]

6 K

b1 11.494
20 11.246
30 10.895
40 10.507
50 10.1295
60 9.820
70 9.584
80 9.439

Average K for random oriented full-density ceramic:

. . 1/3
Kov 10.071 from K av (9.39x9.39x11.584)

or 10.121 for approxir >te value, 11.584 + g x 9.390

* These values are in reasonable agreement with optically measured values of 11.56
and 9.406 [E. E. Russell and Bell, J. Opt. Soc. Amer. 57, 543 (1967)].
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Aluminum oxide, multicrystalline

T°C

25

100

200

300

TC
25

100

200

300

400

500

AT-100 (near 100% Al.0

Density, g/cm3:

3 8

° fine grained)

(10" to 10” Hz) - 3.956

(4; 8 CHz) ~ 3,955

General Electric Company
Electronic Components Division
Microwave Tube Business Section
One River Road

Schenectady, N.Y. 12305

28

Frequency in Hz -
102 103 10% 10° 108 10’ 8.5 x 10°
K 9.98 9.98  9.98 9.98 9.98 9.98 9.96
10% tans 7 <1 <1 <1 1.5 <7 48
K 10.09 10.09  10.09  10.09  10.09 10.09
10% tans 52 6 <1 <1 <1.5 - <7
K 10.21 10.21  10.21  10.21 10.21 10.21
10% tans 603 128 45 20 10 <7
K 10.42  19.37  10.355  10.35  10.35 10.35
10* tans 61.3  16.3 5.27 2.28 .62 12
K 10.84 10.68  10.57 10.46 10.44 10.44
tand§ 0307 .0133  .00407  .00103  .00034 .00006
K 12.60 11.28  10.86  10.71  10.63 10.62
tand  .289  .069 .0237 .0044 - .00082 .0002
A-976 (near 100%)
Frequency in Hz ’
102 100 10*  10° 105 107 8.5 x 10°
K 9.90 9.90 9.90 9.90 9.90  9.90 9.81
10% Lané 70 34 20 10 <10 <10 66
K 10.01 10.01 10.00 10.00 10.00 10.00
10° tans 15 7 3 1.5 <1 <1
< 10.14 10.12 10.11 10.11 10.11 10.1
10° tané 66 23 8 6 3 <
" 10.32  10.29 10.26 10.26 10.26 10.26
10* tans 25 11 3.8 1.1 .4 .2
v 10.65 10.50 10.43 10.42 10.41 10.41
10* tano 195 102 27.8 8.7 2.9 1.0
11.30 10.81 10.65 10.59 10.58 10.56
10° tan 461 118 22.4  4.59  1.97 1.1
Densiey of disk - 3.919; density of cylinder - 3.917

L wrda
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Alwmioum oxide, multicrystalline
A-1000 (99.82 A1"03. fine grained)

T¢C
25

100

200

300

490

500

100

200

300

400

500

Density, g/cm>:(10° o 108 Hz) - 3.900
(8.5x10%) - 3.896

tan 6

tan §

tan §

tan §

tan 6

tan ¢

102

10.08
.00048
10.20
.00184
10.39
.00344
10.65
0193
11.86
.213
33.3
1.212

103

10.08
.00048
10.16
.00077
10.36
.00138
10.55
.0059
10.89
.04861
13.98
505

Frequ'~cy in Hz

10®

10.07
.00135
10.15
.00037
10.33
.00101
10.51
.0022¢
10.68
.00936
11.28
.130

A-919 (97% A1203, magnesis-free)

10°

10.04
.00354
10.15
.00058
10.33
-00045
1G.47
.00079
10.€3
.00206
10.83
0201

Density, g/cm>: (102 to 10° Hz) - 3.747

tan €

tan §

Ch

tan

tan %

-
»
3
D

10

10.33
.06240
10.29
.0316
9.74
-0210
10.32
0760
14.38
1.65
16.56

(8.5x10° Hz) - 3.750

10

9.95
-0251

5.88
.0252

9.132
L0046

.0237
11.13
.295

13.67

Frequency in Hz

10%

9.62
.0206
9.60
.0123
9.60
.00089
9.7%
00475

10.18

0590

11.44

864

10°

9.45
.0082

9.51
.00333

.00021

L0097
9.96

10.37

General Electric Company

10%

9.98
.00664
10.15
.00208
10.31
.00051
10.45
.00049
10.60
.00076
16.80
.00341

106

9.38
.00139
9.49
.00048
9.59
-00006
9.77
.C0033
5.90
.00195
10.08
0203

107

9.96
.00612
10.15
.0061
10.29
.00170
10.44
.00065
16.58
.00057
10.76
.00135

10

¥.37
.00030

.00025

<.0001

.00010

.00063

10.03
L0035

8.5x10°
9.77
.00258

8.5x10°

9.35

.00069




Aluminum oxide, multicrystalline
A-923 (977 Al

TC
25 K
tan
100 x
tan
200 x
tan
300 «
tan
400 «
tan
500 x

tan

102

10.26
.00227
10.33
.00330
10.18
.0349
10.38
.0678
12.50
.205
16.72
8.03

203
3 2 8

Density, g/cm~: (10° to 100 Hz) - 3.740

(8.5x10° Hz) - 3.740

103
10.23
.00432
10.30
.00352
9.73
.0238
9.84
.0232
10.48
.082
13.93

A-1004 (942 A1203)

Frequency in Hz

10 10°
10.10  9.61
T L0173 .0357
10.19 - 9.72
.0178  .0320
9.55  9.53
.0073  .00200
9.764  9.65
.0074  .00313
9.97  9.82
.0228  .00735
10.98  10.08
.240 .0444

General Electric Company

10
9.28

.00952
9.40

.0118
9.50

- 9.64
00167
9.80
©.0035
9.95

.00976

At 259C: 2x10% Hzx = 10.10, tan = .0426; 5x10° Hz, x =
3x105, ¥ = 9.19, tan § = .0341.
Density, g/cm3: (102 to 108 Hz) - 3.645

500 -

[

tan °

10
10,48

.00226
10.63

.00355
10.49

10.52

103

10.41
.00716
10.55
.00555
9.73
.0439
9.81
.043
10.39
.0887
12.59
452

(8.5x10° Hz) - 3.649

Frequency in Hz -

10* 10°
10.26  9.51
0319 .0534
10.48  9.89
.0208  .0505
9.3  9.25
0171 .0047
9.55  9.44
0132 .0059
9.78  9.54
033 .0136
10.55  10.03
121 .0298

30

10

9.10

© 0142

9.19
.0271

9.21
.00163

9.37
.0022

- 9.43

L0077
9.83
.0133

10
9.27
.00165
9.39
.00157
9.50
.00040
9.64
.00112
9.79
.0017
9.91
.0037

8.5x10
9.2&
.00067

9.76, tan § = .0536;

107 8.5x0°
9.00 9.01
.00228  .00125
9.10
.0515
9.20
.00105
9.36
.0020
9.36
.0040
9.74
.0071
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Boron nitride

Pyrolytic Raytheon Company
Data supplementary toc p. 40, Tech. Rep. 203

Post~treated sam,.les, measured at 8.52 GHz, 25°C

Density 5
(8/‘-‘“3) K tan

1.233 2.994 .00008 + .00002
1.257 3.013 .00005 + .00003

Sample 2A + 28, density at 25°C 1.381

5.07 to 5.00 GHz

TC K tan §
25 3.199 <.0002
200 3.212 <,0002
400 3.226 <,0002
600 3.241 .,002 + .0001
800 3.255 .0002 + .0001
1000 3.272 .0002 + .0001
1200 3.288 .0002 + .0001
1300 3.297 .0003 + .0002
1400 3.309 .0007 + .0004

Test for anisotropic effects at 8.52 GHz, 25, by rotation and reversal
of sample:

K = 3.,0018

max

Kpin "~ 2.9894

Pyrolysic laminate Union Carbide

8.52 GHz E !l laminate

25 5.15 + .05 .00025
173 .00025
225
%1
470
610
800
978 v .0003 + .0001

.00005
.0001

E)




Boron nitride, hot-pressed B

Crade HP, 25°C ‘ The Carborundum Company
Refractories & Zlectronics Division -
Whirlpool Technical Center
Niagara Falls, N.Y., 14302

All tan & values multiplied by 10%

Field
Sample Density direct.  (Bz) 10° 10° 10* 10°  10® © 10’ 108
No. (8/ca3)
1 2.120 unknown « 4.59 4.56 4.54 4.54  4.54  4.54 4.54
tand 8.5 3.58 2.30 2.3 2.3 2.8 3.5
2 1.762 i K 4.14 4.02 3.97 3.96 3.96 3.96b ’
tand A4 174 416 9.9 3.4 2.0
3 2.3 i K 4.71 4.66 4.54 4.46 440 4.32
tand 100 110 120 125 141 123
@) 3:x10® 100 =0 s.sxi0®  1.4x10!° 2.4x10%°
4 (various wmknowm K 4.59 4.59 4.59 @ 4.39 4.62 4.57
not meas.) tans 2.7 3.5 4.2 6.55 6.0 6.0
S 1.999 unknown K. )
tand '
6 2.033 1L «x 4.47 4.468 4.457 )
tand 5.3 4.6 6.0
7 1.748 mixed K 3.88 3.880 3.876
tané 4.1 4.7 4.0 )
8 2.111 1 3 4.584
tanf 6.0
9 2.061 4 K 4.552
tand 7.1
9 " i K 4.507 )
tand 7.7
10 2.117 1 K 4.75
tand 8.0
11 2.063 L K 4.55
tané 8.7
11 " i K 4.51
tand : 8.8
12 2.118 1 3 4.69
tand : 8.5
13 2.066 1 K 4.61
tand 7.9
13 " [l K 4.48
tand 9.2

32
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Boron nitride, hot-puiud

Grade A, 25°C Carborundum
All tan § values are multiplied by 104
Field 2 3 4 5 6 7 8
Ssmple Density direct. (Hz) 10 10 10 10 10 10 10
No. (g/cad)
1 2.084 unknown K 4.13  4.12  4.090 4.087  4.086 4.080 4.08
tané 11.8 104 7.9 4.3 3.1 2.7 2.6
2 2.040 1 K 4.40 4,40 4.39 4.9 4.39  4.38
tand 8.7 6.3 6.0 3.1 1.8 1.0
3 2.066 I K 3.99 3.99 3.98 3.98 3.98  3.97
tand 6.9 5.6 4.5 3.0 2.4 1.1
@z)3x10® 107 3m10® 8.5x10° 1.421020 2.4x101°
4 (various unknown K 4.46 4.46 4.46 4.6 4.61
not meas. tand 4.0 3.3 3.4 5.8 3.5
5 2.099 unknown K 4.605
tand 20
6 2,091 1 K 4.62  4.615 4.599
’ tand 2.6 3.7 3.8
7  2.097 mixed K 4.36  4.359 4.352
tan0 2.2 1.3 1.5
8  2.069 1 K 4.586
tand 6.4
9  2.077 1 K 4.550
tand 3.6
9 " [} K 4,268
tant 4.5
10 1 K 4,268
tand 4.5
11 2.093 1 K 4.53
; tand 4.5
| 11 " i K 4.28
; tand 10.4
12 2.09%0 L K 4.56
tand 5.3
13 2.085 i K 4.56
tand 4.6
13 " il x 4.24
. tand 3.2
|
3
N .
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Boron nitride, hot-pressed, with silica
Grade M, 25°C

Field
Sample Density direct.
No. (g/cm)
1 2.14]  unknown «
tand
2 2.107 L K
tand
3 2.109 i L3
A tand
4 (various X
not meas.) - tans
5 2.145 K
tand
6 2.137 4 K
tand
7 2.118 wmixed K
tand
8 2.095 4 K
tand
9 2.120 iR K
tan$
9 [ K
tan$
10 2.125 1 K
tand
11 2.123 4 «
- tand
11 " [ K
tan$
12 2,066 1 K
tand
13 2.121 L L9
tand
" ] x
tand

(Rz)

{8z)

102

3.71
4.0

4.34
16.9

3.76

7.4

3x10
4.24
2.8

4.27
3.8
3.99
3.9

Carborundun

All tan § valuss multiplied by 10‘

103

3.70
2.78
4.33
154.3
3.76
7.0

10°

4.24
3.1

4.27
4.9
3.992
4.5

104

" 3.69
2,22
4.32

10.5
3.76
6.7

30’

. &.24

3.7

4.255

4.9
3.983
5.2

10°

3.69
2.07
4.30
6.6
3.75
4.6

10°

3.69
1.63
4.30
3.7
3.75
3.4

8.5x10°

4.328
4.1

4.192
6.6
4.332
6.2
3.668
8.5

10’

3.68
1.8
4.30
1.9
3.75
3.6

1.4x101°
4.32
5.5

4.23
5.4
4.295
11.0
3.63
7.8

108

3.68
2.3

2.4x10

4,22
5.1
4.28
7.9
3.54
10.5

10



SR T TR T

Boron nitride, hot—pressed

TC

25

100

200

30¢

400

500

Grade HBR
10
K 4.77
10 ten & 18.2
K 4.85
10* tan § 165
K 5.26
10* tan § 596
K 5.75
10* tan § 855
K 6.75
10 tan & 28.0
K 8.07
tan § 1.994

Boron nitride, hot-pressed

T¢C

25
113
185
322
423
530
639
752
863
943

1021
1096
1170
1219
1287
1373
1427
1446
1460
1470

Grade HD 0092,
Density 1.9745 s/cn3
At 8.52 GHz

Union Carbide Corporation
Carbun Products Division
270 Park Ave.

New York, N,Y,m 10017

E L direction of pressing

103

4.77
7.1
4.80

45.4

4.96
277
5.25
526
5.70

11.57

K = 3993 tan § =
n

mi

6.46
.389

0.00025

Koax 4,091 tan 5 - (0.00026

At 4.54 to 4.47 GHz

K
£.08
4.08
4.09
4,09
.10
4.11
4.12
4.13
4.13
a.14
4.15
4.16
4.16
4.17
4.18
4.1
4.20
4.22
4,24
4,24

tan §

.0002
.0003

1005
.6005

6

5

.00C40

.0003
.0004
.0004
.0005

5
0
5
0

.00050

.0005

5

.00080

.0013
.0019
0034
.0040
.0028
.0023
.0044

0046

10%

4.76
4.9
4.78
2.4
4.85
101
5.00
231
5.21
4.95
5.62
.109

1°¢

25
207
393
513
593
708
852

1

1618
1077
1064
1110
943
860
25

l05 6 7

10 10
4.76 4.76 4.76
1.5 1.4 0.9
4,78 4.78 4.78
4.1 2.1 0.6
4.82 4.81 4.81
39 5.4 23
4.89 4.85 4.8%
109 33.8 12.5
5.00 4.88 4.87
2.3 1.2 .37
5.31 5.08 4.93
0419 024 .014

Grade KD 0093
Density 1.9165 g/cn°
At 3.52 GHz

K' a 3.998 + 0.002
tar § = 0.00052

At 4.53 to 4.44 GHz

K tan 6
4.003 . 0005
4,048 L0004
4.072 00045
5.088 .0004
4.101 .0007
4,148 0N%0
4.166 .0052
4,204 0040
4.320 .0028
4.479 0057
4,485 LYY
4.5% .0l
4,25 0026
4 19
4.01

Density check after run 1.9
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Boron nitride, hot pressed
Crade HD 0094, at 8.52 GHz
Sample 2: density 1.303 g/cm3

1°c
25

Sample 1:

1“c
25
93

192

339

471

602

705

754

793

843

954

999

Boron nitride,

«
3.004

density 1.307

1.016
3.02+.03

3.04+.03

cold-pressed

tan §
.00033

s/cm3

.00033
.00030
.20035
.00037
.00040
.00040
.00047
.00060
.00095
.0020

.0085

.0135

2 BN Cold pressed

Union Carbide

At 5.30 to 5.26 GHz

Density: 1.303 g/c.:m3

™

25
120
203
325
404
498
601
721
812
884
908

K
3.004
3.008
3.012
3.018
3.0621
3.026
3.032
3.039
3.047
3.053

tan §
.00033
.00037
.00039
00044
.00043
.00046
.00046
00065
.00186
.00447
>.01

Union Carbade

Rod sample, at 8.52 GHz
Density: 1.474 s/cm3

At 25°C:

k' = 3,412; tan § = ,00046

[P




Magnesium aluminate (spinel) H30A1203

Single crystal
Density at 25.0°, 3.57389 g/cm>
At 8.52, 25°C: '

tan § = .00009 + -00002

= 8.26 + .04

Magnesium orthosilicate, multicrystalline

F-118

~

8.5x10’

1.42101°

2.4x2017

3
Denzity: disk 3.087, c;linder 3.071 g/cm

25%

x

6.625
6.62

6.62
6.62

6.62
8.62

6.5%

5%

6.77
6.7¢
6.76
6.76
6.76

6.76

6.74

zea &

00098
.00027

.03013
.000110

.000072
.00011

tan &

.000313
-000293
000240
000233
.000245

.00080

100°c .
K tan &
6.70  .00AAS
.00065
00086
00098
.00103
.00110
00107
00102
6.70 00090
6.63. .00024
6.69 .00016
6.65 00024
6.64 00086
100°%
x tan &
6.86 .00107
6.85  .00063
6.84  .00036
6.83  .00035
6.83  .00032
6.83  .00025
6.81  .00090

200%

[

6.80
6.79

.78

6.78
6,78
6.77
6.77
6.77

6.73

6.99
6.98
6.96
6.95
6.94
6.%4

6.92

tan &

.00124
+00077
»00067

.0015

Density of disk 3.087, cylisder 3.086 g/cw’

200°%¢

« tan &
6.91 .00636
6.89 .00198
6.88  .000%0
6.87  .00051
6.85 .00048
6.84  .00083
6.81  .00100

300%

« tao §
7.26 .02835
7.14  .0076
7.68  .0037
7.06  .0017
7.06 .00120
7.05 00098
7.02  .0014

37

400°¢

x tan §
7.23  .0662
1.04 .0127
6.98 .00334
6.96 .00123
6.95 .00069
6.95 .00023
6.90 00109

400°¢

x tan &
9.74 .508
7.70 .42
7.34 .0293
7.22 .00705
7.18 .0025
7.15 .00153
7.13 .0019

Union Carbide

General

500°¢

[ 4

8.78
7.44

7.20

S .14

7.09
7.08

6.98

K

14.73

10,08
8.13
7.40
7.31
7.28

tan &

.A21

.0188
0049

.00329
. 00149

.00119

tan &

4.29
.822
178
0474
00975
. 00394

.0027

Electric

ss0%c
[ 3 tan &

7.03 .00124

550°¢
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Silicon dioxide, high purity glasses

Dynusil Corporation of America
Berlin, New Jersey 08009

Dynasil 4000
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Silicon dioxtde, high-purity glasses (cont.)

Spectrosil A Thermal American Fused Quartz Co.

o Mcntville, N.J. 07045
257C, B.52 GHz: x' = 3.826 + .003

10 tan § = 1.9 + .4

Spectrosil B
25%, 8.52 GHz: k' = 3.825 + ,003
10* tan 6 = 1.5+ .2

Frequency in Hz

% 102 103 10° 10° 10° 107
3« 3.823 3.823 3.823 3.823 3.823 3,823

10% tan ¢ <4 < 6 7 <40 <130

100« 3.83 3.83 3.83 3.83 3.83 3.83

0% tan 6 <4 <4 <8 <10 <40 <130

197 3.84 3.84 3.84 3.84 3.84 3.84

10% can 6 264 44 15 <20 <40 <130

00 < 3.86 3.86 3.86 3.86 3.86 3.86

10% tan 6 151 15.9 2 <.4 <.6 <1.3

198« 3.89 3.86 3.86 3.86 3.86 3.86

102 tan & 15.9 1.76 .219 .04 <.02 <.02

4ae 3.98 3.89 3.87 3.87 3.87 3.87
tan 6 .79 .0883 .00954 .0015 .0005 .0002

Vitreosil, optical grade

“ tan § = 1.17 + .2

Vitreosil, commercial grade

25°C, 8.52 GHz, '+ 3.805 + .01; 10" tan & = .80 v .13
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Silicon dioxide, sintered

Slip~cast
Density 1.957 g/cm3
25°C 100°¢C 200°¢C

Freq.,Hz « loétané K lobtand K tan §
102 3.38 7.1 3.39  11.0 3.44 .0190
3x102  3.38 8.6
103 3.38 8.8 3.38 7.8 3.41 .99364
2x10°  3.38 7.3
5x10° 3.38 7.7
16°  3.37 6.2 3.38 7.6 3.41 .00158
5x10% 3.38 8.3
10°  3.37 4.5 3.37 8.3 3.41 .00099
2x10° 3.37 7.5
106 3.37 3.7 3.37 6.1 3.40 .00081
6x10° 3.37 3.6
107 3.37 2.5 3.37 3.2 -3.40 .00068

8.5x10° 3.364 6.6

Silicon dioxide, with 2.5% chromium oxide
Slip-cast,

Density 1.928 g/cm’

5% 100°c 200°¢C

Freq.,Hz K tan § Kk tan € K tan §

102 3.33 .0035 3.43 .0057 3.57 .0292

103 3.33 .00257 3.42 .0043 3,51 .0113

104 3.32 .00174 3.36 .003% 3.48 .0071

10° 3.32 .00152 3.3 .0027 3.40 .0054

10%  3.31 .00093 3.33 .0020 3.38 .0040

107 3.31 .30035 3.32 .0017 3.34 .0022
8.5x10° 3.29 .00112

41

Brunswick
300°¢ 400°C 500°C
K tan § K tan § K tan 6
4.42 .896 7.91 9.51 19.1 33.8
3.64 .178 5.09 1.66 7.57 9.00
3.47 .0246 3.90 .334 5.10 1.47
3.5
3.46 .0Q0465 3.54 .0585 3.90 .290
3.45 .00158 3.4° .0089 3.61 .0483
3.45 .,0008 3.49 .0021 3.55 .0112
Brunswick
300°C 400°C 500°C
K tan § K tan § K tan §
4.59 .,935 8.73 9.39 36.7 42.4
3.72 .179° 5.17 1.76 13.5 10.1
3.59 .0292 3.95 . 324 6.09 2.41
3.51 .0109 3.63 .0537 4.39 425
3.49 .0101 3.56 .0149 3.82 .094
3.42 ,0076 3.53 .0106 3.68 .032



Silicon Jioxide, sintered
Code 7941 Corning Glass
Density 1.923 g/cm3

Freq., ~8.5 GHz Corning Multiform Glass
T°C K tan § o 3
At 8.52 GHz, 25°C, density = 1.906 g/cnm
2- 3.323 -0005 K = 3.27; tan & = .00063
279 3.351 .0009
517 3.378 .0014
769 3.408 .0023
910 3.431 .0028
1043 3.451 .0037
1205 3.455 .0051
1372 3.513 .0091

Quartz fiber

Sample AS-3DX-1R Source: - Philco Ford Corp.
Newport Beach, Calif. 92663

Manufacturer: Fiber Materials Inc. _
Graniteville, Mass. 01829

_Freq., 8.52 GHz

1°¢c -k ' tan 6
25" 3.02 .0054
25 2.98 .0019
98 2.97 .0018
198 2.96 .0016
307 2.95 .0015
418 2.95 .0014
497 2.945 .0014
591 2.95 .0016
729 2.96 : .0022
828 2.975 .0029
905 2.99 .0035
995 3.01 .0042

. .
As received, other values after vacuum bake
for 24 hours at 125°C.
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Glasses

Sample EE 9 Owens-Illinois
Sample EE 10 Toledo, Ohic 43601

EE 9 EE 10
Freq., 8.52 GHz Freq., 8.52 GHz
1°C K tan § 1°% K tan §
25 5.84 .0070 25 8.17 .0082
97 5.86 .0070 97 8.25 .0082
199 5.90 .0071 202 8.36 .0083
314 5.97 .0072 292 8.47 .0084
421 6.02 .0074 416 8.63 .0089
506 6.08 .0077 501 8.76 .00%6
007 6.17 .0081 605 8.98 .0123
32 5.82 .0069 27 8.19 .0080

IT. MINERALS, ROCKS, SOILS, MISCELLANEOUS INORGANICS

"~ Rocks
Hawalan, high~density basalt*
50% relative humidity
Density 2.717 g/cm’
Sample 1 Sample 2 Sample 3 Samrle 3 Sample 3 Sample 4

Freq. (Hz)  3x108 107 3x108 109 3x109 8.5x109
K 3,36 9.90 9.39 9.08 8.85 8.40
tan 6 .043 .080 .034 033 .037 .04
w'iag 1.174 1.17 1.113 1.10 1.08 1.01
tan §_ .0077 <.002 .co7% .G26 .072 .06

*
Hawalan low-density basalt

50% relative humidity

Freq. (Hz) 10 mz0? 10° 107
K 4.9 .74 3.51 3.30
tan 4§ .068 .085 .0481 .053
whiug 1.047 1.047 1.040 1.035
tan *m <,002 .0040 Q2 .002
E * Data supplementa:v _o Tech. Rep. 203, lab. In:. Res., Mass. iu *, Tech., Jan. 1967.




Rocks (cont.)
Deep ocean basalt
No change after heating to 200°¢C

Freq. (Hz) 10° 108 107 8.5x10°
4 188 153 124 10.2
tan § 93.5 11.6 . 146 .560
o 1025 1015 995 3.9
Soils
Hawaian soil saturated with distfllied 820*
4 HZO on dry weight basis = 127.5
b 4 820 on volume basis = 63.0
Density 1.303 a/cu3
Freq. (Hs) 103 10* 10° 10° 9.5x10°  7x10”
K 29,700 988 230 1295 81.5 64.2
tan § 135 43.9 20.05 3.32 .776 .185
Hawaian so11” with approximately 25% nzo
on dry weight basis. Density = .88 g/cn3.
Freq. z) 102 10° 100° 10° 10® 107  3x10® 1x0® 30 8.5m0°
K 10560 940 68.0 21.66 12.04 6.88 5.12 4.90 4.45 3.97
tan 6 2-30 10.103 7-25 2-67 -827 N -389 -105 .079 -81 .135

Synthetic basalt and lunar rocks, Apollo 11 and 12, see:

D. H. Chung, ¥W. B. Westphal, and G. Simmons, "Dielectric Properties of Apollo 11
Lunar Samples and Thelr Comparison with Earth Materials," J. Geophys. Res. 75,
1970 (in press).

D. H. Chung, W. B. Westphal, and G. Simmons, "Dielectric Properties of Apollo 12
Lunar Samples,” a paper (T64c) presented at American Geophys. Union Meeting,

April 23, 1670, Washington D.C.

* pata supplementary to Tech. Rep. 203, Lab. Ins. Res., Mass. Inst. Tech., Jan. 1967.
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Miscellaneous inorganics

Corning Code 0330 Corning Glass
3 Ghz 25°%C
K tan §
6.58 .0055
Isomica 4950 General Flectric Company

Vacuum baked for 36 hrs. at 125°C, E |l steet

Freq. (MHz) : w tan 6
300 5.33 .0013
8520 5.1 .00207
8520 5.32" .0025"

*
502 relative humidity.

ITI. ORGANIC COMPOUNDS

(Listed according to manufacturer or source)

Artificial cincrete American Concrete Products

Material measured to be isotropic ir x within .52

Freq. (MHz) 150 300 1009 3000

K 6.06 6.04 6.02 6.0

tan § .0107 0134 L0125 L0123
Conformal coating 1517-36-3 Amicen Corporation

25°C, 50X relative humid!ty

Freq. (Hz) K tan §
102 : 4.31 .0206
10° 4.21 .6204
10® 1.76 .0298

13

Volume resiacivity 3.7 x 1077 ohm-om

Surface reststivity >€ » 10N ohms per square
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Polyethylene, irradiated
At 25°C

Freq. (Mz)
3
6
8

10
10
10
4x10
10°

Ix10
8.5x10

Polvpropvlene

. Freq., Hz TC

2x10
sx10®
10
10
10
10
Ix10
10
Ix10°

e N OV

3x10 25
-55
-75
-195

1)
], 5x10° 25

K
2.28 + .02
.02
27t o
.01
2.2(nt_oos
Natural
K 10‘ tan &
2.26 1.50
l.w
1.18
1.36
1.50
1.65
1.68
1.66
2.25 1.51
2.25 0.96
2.25 1.26
2.25 2.04
2.25 2.8
2.25 4.7
2.25 4.0
2,245 3.7
2.265 3.0
2.271 2.7
2.308 0.7 + 0.3
2.245 3.6

46

Source:

tan &

.59 + .05
.82 + .05
2.3
2.9
2.8
2.6
2.5

14+ 1+ 1+ |+ 1+ |
W wow

- .
N W

Amphenol Corp.

Avisun Corporation
Post Road
Markus Hook, Pa. 15061

Plateable 12-270A

2.41

2.41

2.39

2.38
2.%7
2.36
2.36
2.35
2.35
2.35

2.344
2.352

2.375
2.343

4

10" tan 6

15.2

11.8

10.5

8.70
7.25
6.55
8.2
12.4
17.5
15.7

12.1
6.0

2.8
12.3



Polypropylens (cont.)

Matural, at 8.52 GHz

Aviamm Corporation

Sample Density  T1°C K tan §
(g/ca3)

1 stackad sheet pcs 25 2.246 .00033

2 stacked injection molded pcs 25 2.236 .00035

3 rod .9C73 25 2.245 .00037
Polypropylene, plateable Avisun Cerporation

12-270A, at 8.52 GHz

Sample Density T°C ® tan §

4 stacked injection molded pcs .9500 25 2.442 -00145

.9303 25 2.343 .00123

5 rod

Tha Budd Company

Polytetrafluorosthylene, fiberglaz laminate
- Polychemicals Division

Clad- 4
sz, All values of tan § multiplied by 10 ,
1°C  Freq. (Bx) 10 102 103 10* 10° 10® 107 s.sx107  9x107  3.14x10°
5« 2.739  2.740 2.738  2.737  2.735  2.73%  2.733  2.732  2.731  2.712
1tan 8 8.6 7.0 6.7 6.1 6.3 6.95 7.7 - 10.0 .7  22.5
100 « | 2.710  2.705  2.704 2.698  2.696  2.683 2.630
1 tan & 1.1 8.10 8.2 7.17  7.07 7.7 3
250 «x 2.554  2.53%  2.522 2.503 2.502  2.49
1 tan 8 79.0 3.3 20.35 14.9  11.6  10.6
18 «x 2.796  2.793  2.790 2.784 2.78  2.78 2.752
1t 8 4.2 5.9 6.8 7.1 7.7 9.8 17
-195  « 2.801  2.799  2.796 2.792  2.787 2.758
1 tan 8 .0005 2.2 5.5 5.1 5.4 12
-89 « 2.709  2.789  2.78%  2.783  2.780
1tan$ L0003 1.2 2.0 2.2 2.1
* Copgper cavity
E @ sheet
1°C  Preq. (@) 3m0®  10° a0’  8.5x10”  1.4x0'®  2.4m0%°
25 «x 3.155  3.153  3.152  3.146 3.133 3.127
tan & 28 E 33 40 48 52 -
100 « 3.1
tan & »
-2%0 « 3.03
tan § 36
-S4« 3.17 3.13
ten & 35 39
-195 « 3.22 3.12
tan & 28 k3 ~
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Polyrecrafluoroethylene film
Zitex
Density 0.463 g/um3

25°C, 8.52 Ciz: « = 1.194, tan & = .00010

Custon Haterials

Custom load 4101

Freq. (Ciz) T°C K

3 25 13.8
8.5 25 13.3
8.5 -67 13.7
8.5 85 14.5

Cuszom 707-4

tan 63
.050
.031

.051

25°C, 8.52 GHz: X = 4.04, tap & = .000%9

Custoa 707-(3.75}

25°¢, 8.52 GHz: x = 3.753, tan & = .00076

Sylgard 182
1 Mz
1%
25
70
25 again

25 (after 24 hre. in azo) wt. gain .019%

Sylgard 184
at 25°¢
Freq. (Hz) 50
K 2.86
4
10 tan & 2

Svigard 184

2nd sample at 1 MMz

10
2.86
10.2

u'fu,
2.69
1.65
1.57
1.68

2.86
2.72

2.86

10
2.84
18.4

25 (after 24 hrs in Hy0) wt. gain .025%
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Chempizat Inc.
150 Dey Road
Hayne, N.J. 07470

Custom Materials Inc.

tan &
.451
.747
.748
. 135

Dow Corming

tan §
.0C132
.00080
.00109
.00142

Dow Corning

108

2.84
14.0

Dow Corning

K tan §
2.88 .00123
2.70 .00071

- .00040
2.89 .00129



T

"l(apton"*
Type 500 H film
At 25°C, 45X relative humidity

E. 1. Dupont de Nemours

Electric field in plane of sheet, « + .05, tan & + .0005

After 48 hrs. at 100°C

Freq. (GHz) « tan § K tan §
0.3 3.43 .0074 - -
1 3.40 .0076 3.30 .0041
3 3.37 .0080 3.28 .0044
8.5 3.33 .0087 3.26 .0047
24 3.25 .0098 - -

After 12 o 18 hrs. vacuum bake at 425°C, 2 microns, 8.52 GHz:
k= 3.03 # 0.1, tan § = .0015 + .0003

"Eccogel" 1265

Freq. (Hz} 60 1C
1°¢ K tan § K
25 7.€0 .025 7.20
70
25 again

25 (after 24 hrs.
in BZO) wt. gain 1.08%

"Eccofoam FH"

3.938 1b/cu.ft.

8.52 GHz
K tan §
1.0856 ,00161
RTV-11
At 1 MHz
1% x
25 3.25
70 3.05
23 -
25 (after 24 hrs 3.31
in HZO) wt, gain .035%

Supnlementing data given in Tech. Rep. 203,

Emerson & Cuming

3 108
tan & K tan §
.G395 4.05 L1115
6.02 .0545
- .0897
5.38 .128

Emerson & Cuming

24 GHz

K tan 6

1.0798 .00165

Cenera, El_ctric Company

tan
.00:285
-0037
00242
L0053




Scotvheast 221 ‘ 3-M

At 1 MHz
™C K tan &
25 3.06 .0273
70 3.73 .1373
25 - .0245
25 (after 24 hrs. 3.12 .0352
-in H,0) wt. gain .2742
Polyimide foams Monsanto

At 8.52 GHz ..
Density 1°C K tan &
(lbs/cu.ftr.)

HD-139 2.4 25 1.1439 .00277
150 1.128 .00040
304 1.118 .00045
25 1.126 .0014
HD-140 16.7 25 1.301 .00507
154 1.264 .00094
307 1.260 .00121
25 1.260 .00037
HD-144 21.8 25 1.412 .00635
148 1.355 .00135
303 1.382 .00190
28 1.351 .0068
Radar tape Quantum Inc.
Lufbery Ave.
At 154.2 CGHz Wallingford, Conn.
c K tan §
25 . 3.56 0132
150 3.37 .0055
320 3.32 .0074
4717 - 3.36 .0130
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Duroid (1" thick sheet) Rogers Corporation

3.7 GHz 4.3 GHz
o E 7 EL Cavity
TC K van & K tan § length
(inches)

25 2.476 .00156 2.317 .00125 2.015
81.5 2.458 .0017%6 2.301 .00153 2.042
106.8 2.447 .00178 2.289  .00140 2.055
125 2.438 .00176 2.282 .00142 2.067
152 2.425 .00166 2.268 .00149 2.083
176 2.412 .00160 2.255 .00155 2.106
202 2.399 .00159 2.239 .00167 2.127
250 2.370 .00165 2.203 .00202 2.159
310 2.301 .00182 2.130 .0024 2.320
362 2.031 .00225 1.878 .0015 2.869
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Phavr.carbon devivatlye P-IC

At I

Freq. (GHz)

1

3
8.52
14
Fluorinated ethers
ac 27°%¢
T°C = <6 to 28
FPS-1418
b.p. 148°C
Freq. (Kz) K tan §
10° 1.890  3x10®
10° 1.890  3x107°
10% 1.888  .00243
10° 1.851  .0142
Ix10° i.838  .0124
8.5x10" 1.797  .0068
Mullet oi)
2+ 0
brog. (GHZ) s
t 2.54
8.5 2.52
14 2.42
2 2.15

DENUINg

Allied Chemical Corp.
Specislty Chemical Div.

tan §

.0050
0140
029
.038

E. I. Dupont de Nemours & Co.
Organic Chemicals Department

FPS-1420
b.p. 153°C
' tan §

5 3

2.570 3.23x10°
2.5710 1.6x10°°

a.2x10°  2.51 L0126

1.92
1,53
1.89
1.87
FPS-1419
b.p. i01°C
K tan §
1.859  1.6x10°
1.850  2x107%
1.857
1.833  .0042
1.832  .0076
1.798  .0084
5%
tan A
.C68
.0507
.0468
038
2

2.420 .0952
2.213 .0995
2.026 0907

U. S. Bureau of Fisheries

10 + 1%

x tan ¢
2.50 .0458
2.9 L0443
2.3 .0380
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